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ABSTRACT 
 
 Iron is an essential micronutrient for the growth and development of soybean; 
however the soil properties typical of the Midwest, where majority of soybeans are 
grown, make it difficult for the plant to uptake iron by limiting the solubility of iron for 
the plant. The lack of iron obtained from the soil results in Iron deficiency Chlorosis 
(IDC), which is characterized by stunted growth and intervenial chlorosis of the leaves, 
eventually leading to yield loss at the end of the season. In the field, environmental 
factors influence the amount of time the plant is exposed to iron deficiency. Therefore, 
we are interested in characterizing soybeans’ short and long-term responses to iron stress 
in iron efficient (Clark) and inefficient (Isoclark) lines, which are 98% genetically 
identical but differ in their iron efficiency response. Both genotypes were grown in 
hydroponics for ten days. As a result we had plants representing no iron stress (ten days 
Fe+), long term iron stress (ten days Fe-) and short term iron stress (8 days Fe+ followed 
by two days Fe-). We collected a total of 48 samples (three treatments x two time points x 
two tissues (roots and leaves) x four replicates) for RNA-seq analysis. With the use of 
bioinformatics, we were able to identify thousands of genes, including transcriptions 
factors, differentially expressed in response to short term and long term iron stress in both 
Clark and Isoclark. These analyses provide information to suggest that novel mechanisms 
for signaling between source and sink tissues regulate the expression of genes associated 
with cell cycle, gene silencing, iron acquisition and defense as a response to iron 
deficiency.   
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ORGANIZATION OF THESIS 
 
This thesis is organized into three main chapters. Chapter one consists of a 
comprehensive review of the literature with a focus on soybean. This chapter discusses 
the importance of soybean as an agronomic crop, the problems that iron deficiency 
chlorosis present and an interpretation of significant findings in the field.  Chapter two is 
in the form of a manuscript and is in the process of being completed for submission. All 
individuals listed as authors have made contributions to this section: experimental design 
(L.A.A., A.M.L, and M.A.G.), data collection (L.A.A. and A.M.L.), data analysis 
(L.A.A., J.S. and M.A.G) and manuscript preparation (L.A.A. and M.A.G.). Before 
journal submission, all authors will review and approve the submitted version. This 
chapter discusses distinct iron stress responses in soybean to short and long term iron 
stress, which were observed through RNA sequencing. Chapter three is a summary of 
conclusions reached throughout this research and recommendations for future research. 
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CHAPTER 1 
INTRODUCTION  
 
Importance of iron deficiency chlorosis (IDC) research in soybean 
Soybean (Glycine max L. Merr.) is an economically important legume grown 
worldwide because of its many uses. Soybean is grown for the oil and protein found in 
the seed, which is used for human and animal consumption, and as an ingredient in many 
important retail products. In the animal feed industry, soybean provides a relatively cheap 
and nutritious source of protein, ideal for livestock production. Animals raised on 
soybean meal are brought to market weight faster, benefiting producers. In the United 
States, a small percentage of the soybean produced is used for human consumption in 
things like soy sauce, soymilk, soy flour and tofu. However, throughout many regions of 
the world, humans rely on legume plants, including soybean, as a source of protein and 
iron in traditional diets. Obtaining a sufficient amount of iron from the diet is vital to 
maintaining human health. Lack of iron in humans can lead to iron deficiency anemia 
which is one of the most common nutritional disorders worldwide [1]. Soybean is also 
used as an ingredient in the production of biofuel, protecting the environment and 
lessening our dependence on fossil fuels [2].  
In 2015, the United States was ranked the largest producer of soybean, producing 
33% of the world’s soybean [3]. However, many soybean plants grown in the United 
States suffer from iron deficiency chlorosis (IDC). Iron is a micronutrient essential for 
growth and development of all organisms. In plants, iron is essential for photosynthesis, 
respiration and other metabolic processes. Lack of usable iron results in IDC, which can 
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be characterized by intervenial chlorosis of the leaves, reduced plant growth and lower 
yield [4]. In the upper Midwestern United States, IDC is caused by the calcareous 
properties of the soil. While iron is abundant, the high pH and calcium carbonate found in 
the soil keep iron in a ferric state Fe3+ that cannot be taken up by the roots. Climate also 
impacts IDC because moisture and cooler temperatures affect iron availability in 
calcareous soils. When soils are wet, carbon dioxide builds up in the soil. As the level of 
carbon dioxide increases, so does the level of bicarbonate, which neutralizes the acid 
excreted from soybean roots to increase iron solubility, leading to increases in the 
incidence of IDC [5]. 
It is estimated that yield loss due to IDC results in an economic loss of 
$120,000,000 per year in the north central US alone [6]. Most likely, this is an 
underestimate as mild symptoms of IDC are often difficult to diagnose by farmers and 
could be attributed to other soybean diseases. IDC is scored on a scale of one through 
five, where one represents a healthy leaf, and five represents severe chlorosis. With every 
one point increase in chlorosis, there is an associated 20% reduction in yield [7]. The loss 
of soybean yield and quality to iron deficiency is detrimental to farmers, the economy 
and human and animal health. Therefore, public researchers, farmers and industry 
representatives are interested in improving soybean responses to IDC while protecting 
high yield.  
 
Iron uptake in graminaceous and non-graminaceous plants 
Plants have acquired two strategies for iron uptake, strategy one occurs in all non-
graminaceous plant species and strategy two occurs only in graminaceous species. As a 
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dicot, soybean utilizes strategy one to uptake iron. Much of our knowledge of strategy 
one comes from studies in the model species Arabidopsis thaliana. Strategy one is 
induced under iron limitation through the actions of Fe-deficiency Induced Transcription 
Factor 1 (AtFIT1) in combination with one of four additional basic helix–loop–helix 
(bHLH)-family transcription factors in the root, which regulate Ferric-chelate Reductase 
2 (AtFRO2) and Iron-Regulated Transporter 1 (AtIRT1) [8-10]. Before being transported 
into the cell via AtIRT1, Fe3+ must be reduced to its soluble form, ferrous iron Fe2+. The 
AtABCG37 transporter exports coumarin and other phenolics to chelate Fe3+ [11]. At the 
same time, AtAHA2 increases iron solubility by excreting protons across the plasma 
membrane to lower soil pH [12]. Once chelated, Fe3+is reduced by AtFRO2 to Fe2+, 
which is then imported into the cell by AtIRT1 [8-10]. 
Iron uptake strategy two is utilized by graminaceous plant species including 
barley, maize and rice. Many of the genes involved in strategy two iron deficiency 
responses have been characterized in maize and rice. Iron uptake is initiated by the 
release of siderophores across the plasma membrane in the root [13]. Siderophores are 
amongst the strongest binding agents for Fe3+. The resulting product is a ferric iron 
siderophore complex. Yellow stripe 1 (YS1) transports the iron complexes across the 
plasma membrane and into the cell [14]. 
 
Iron uptake machinery in the roots is initiated by an unknown signal from the leaves 
 Iron is necessary for the proper function of many metabolic processes, including 
photosynthesis. In the leaves, iron is involved in the synthesis of chlorophyll, and it is 
essential for the maintenance of chloroplast structure and function [14]. Considering the 
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importance of iron in the leaves, it has been demonstrated that the signal activating the 
expression of iron uptake machinery in the roots originates in the leaves [15]. To test 
whether or not the leaves regulated expression of these genes, split root experiments [16, 
17] and leaf excision experiments [16, 17] were conducted. Vert et al. [16] performed 
split root experiments in Arabidopsis, where the same plant was grown in two different 
hydroponic conditions. Half of the root system was placed in iron deficient conditions 
and half of the root system was placed in iron sufficient conditions. They found that the 
leaves sensed the iron status of the roots grown in iron deficient conditions and induced 
the expression of AtIRT1 and AtFRO2 in roots grown in iron sufficient conditions. At the 
same time, they used iron resupply experiments to demonstrate that local iron availability 
in the roots was required for inducing expression of AtIRT1 and AtFRO2, suggesting the 
involvement of a local root signal as well. Enomoto and Goto [17] removed the leaves 
from Nicotiana tabacum plants grown in iron sufficient and iron deficient conditions. In 
the iron sufficient plants, leaf excision did not affect the expression of NtIRT1 and 
NtFRO2. In plants grown in iron deficient conditions with no leaf excision, expression of 
NtIRT1 and NtFRO2 was induced. However, excising any of the leaves decreased the 
expression of NtIRT1 and NtFRO2. Collectively, these data suggest that local and long 
distance signals regulate root responses to IDC.   
 
BHLH Transcription factors play several roles in response to iron deficiency 
Transcription factors (TF) containing a two alpha helix motif connected by a loop 
are characterized as members of the bHLH transcription factor family (TFF) [18]. In 
Arabidopsis, the bHLH TFF contains 147 protein-coding genes and is considered one of 
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the largest TFFs with the potential to regulate many processes [19]. Specifically, bHLH 
TFs play a major role in the response to iron stress by interacting with promoter regions 
of genes involved in iron uptake and homeostasis. The expression of AtbHLH38, 
AtbHLH39, AtbHLH100, AtbHLH101 and Fe-deficiency Induced Transcription Factor 1 
(AtFIT1) is highly upregulated under iron limitation, jump-starting the iron uptake 
process by positively regulating Ferric-chelate Reductase2 (AtFRO2) and Iron Regulated 
Transporter 1 (AtIRT1) [8-10]. Stein and Waters [20] also found that 40% of observed 
core iron genes in their study were FIT1 dependent, suggesting that additional 
transcription factors may regulate other responses to IDC.  
Alternative bHLH transcription factors AtBTS, AtPYE and AtbHLH115 regulate 
iron homeostasis [21]. Under iron deficiency, AtPYE and AtBTS are tightly co regulated. 
AtPYE upregulates iron responsive genes while, AtBTS simultaneously negatively 
regulate iron responsive genes to avoid reaching toxic levels of iron in the plant. In 
addition, AtbHLH115 has been implicated in interacting with BTS independently of PYE 
to maintain iron homeostasis. 
 
The Ferric chelate reductase (FRO) gene family regulates iron homeostasis throughout 
the plant 
 In Arabidopsis, the Ferric chelate reductase (FRO) gene family is composed of 
AtFRO1-AtFRO8, and is regulated by iron availability. Members of the FRO family 
function throughout the entire plant to control iron homeostasis [22]. AtFRO2 is 
expressed in the roots and is an essential constituent in the iron uptake process. Although 
AtFRO2 is localized in the roots, a loss of function mutant demonstrates that AtFRO2 
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also affects the leaves. Knockout mutants of AtFRO2 accumulated less iron in the shoots 
than wild type [23], suggesting that there is less iron uptake and transport throughout the 
plant without the expression of AtFRO2. Other members of the FRO family are present in 
the leaves and play a role in alleviating iron stress in separate tissues. AtFRO6 and 
AtFRO7 are regulated by light and are believed to function in iron reduction in the 
chloroplasts [22], however this assumption has not been proven. Based on the fact that 
iron reduction is a rate-limiting step in iron uptake, further characterization of FRO genes 
in Arabidopsis and other crops could lead to important information for improving iron 
uptake in the plant. 
 
Iron regulated transporter 1 (AtIRT1) transports iron into the root 
As mentioned earlier, iron regulated transporter 1 (AtIRT1) is induced under iron 
limitation through expression of a combination of bHLH transcription factors. AtIRT1 is 
essential in the iron uptake process as it transports ferrous iron, reduced by AtFRO2, 
from the soil into the plant root. Knock out mutants of AtIRT1 display severe IDC 
symptoms, leading to death [8]. In addition to iron transport, AtIRT1 mediates transport 
of zinc, manganese, cobalt and cadmium. AtIRT1 mutant plants had decreased levels of 
heavy metals under iron stress compared to wild type suggesting that AtIRT1 also 
mediates the transport of additional metals. Korshunova et al. [24] reported that 
overexpression of AtIRT1 in Saccharomyces cerevisiae (yeast), increased amounts of 
manganese, zinc and cobalt. 
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Hormones regulating iron stress responses 
 All phytohormones are involved in plant responses to iron deficiency through the 
regulation of growth and development and abiotic or biotic stress responses.  Ethylene 
and auxin have been implicated in inducing root hair formation which improves iron 
uptake [25]. Root hair development is increased in iron deficient conditions [25]. 
Similarly, root hair development is induced by external supply of ethylene [26] and/or 
auxin [27]. Blocking ethylene [28] and/or auxin [29] activity resulted in a reduction of 
root hairs.  
Hormones also make good candidates in controlling the proposed signal that 
occurs from the shoot to the root under iron deficiency. By using hormone inhibitors and 
precursors, researchers were able to characterize the roles of hormones in Arabidopsis 
roots. Iron deficiency increases the production of ethylene and nitric oxide in the roots, 
leading to an increase in expression of AtFIT1 and consequently inducing expression of 
AtFRO2 and AtIRT1 [30]. Garcia et al. [31] determined that ethylene and nitric oxide 
work together to enhance expression of iron regulatory genes during iron stress. In 
soybean leaves, Moran Lauter et al. [32] identified genes involved in the synthesis of 
nitric oxide after one hour of iron deficiency.  
Jasmonic acid and salicylic acid are activated based on environmental cues, and 
are therefore considered “defense hormones”. These hormones are induced under biotic 
or abiotic stress, and induce expression of WRKY transcription factors, which regulate 
defense responses [33-35]. Split root experiments comparing AtIRT1 and AtFRO2 gene 
expression demonstrated that jasmonate negatively regulates iron uptake by reducing 
expression of AtIRT1 and AtFRO2 under iron deficiency [36]. It’s possible that inhibiting 
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expression of iron uptake coincides with an alternative defense response to iron stress. 
Further analyses of hormones active in the leaves and roots may answer more questions 
about IDC signaling throughout the plant.    
 
Identification of QTL (Quantitative Trait Loci) for resistance to IDC in soybean 
Researchers have been trying to understand the underlying genetic processes 
involved in soybean IDC for over 30 years. Weiss [37], hypothesized that a major gene 
with complete dominance controls iron efficiency of plants grown in calcareous soil.  If 
this were true, resistance to iron deficiency chlorosis could be transferred (inherited) from 
an iron efficient line to an iron inefficient line. Cianzio and Fehr [38], performed a 
backcross between iron efficient line ‘A2’, to the iron inefficient line ‘Pride B216’ and 
found no dominance for chlorosis expression in the F1. Since then, there have been two 
models presented to explain IDC resistance [39]. One model suggests that there is one 
major gene, with modifiers responsible for iron efficiency, as observed in the Anoka x A7 
population [40]. The second model, identified in the PrideB216 x A15 population 
suggests that there are multiple genes involved in iron efficiency [38]. Lin et al. [39] 
performed mapping of genetic loci for IDC in both of these populations. In the Anoka x 
A7 population an IDC QTL was detected on chromosome three that was responsible for 
over 70% of phenotypic variation caused by iron stress, verifying the one major gene 
model. In addition, Lin et al. mapped IDC genetic loci in the PrideB216 x A15 
population, and observed several QTL with minor effects, supporting the assumption that 
many genes control IDC responses in soybean. Given this information, plant breeders 
have tried to develop lines with improved iron efficiency but have encountered other 
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limitations. For example, IDC tolerant lines yield less than inefficient lines when grown 
in iron sufficient conditions, suggesting that tolerance to IDC comes with a penalty, 
demonstrating the complexity of IDC responses in soybean.  
 
Alternative to field experiments 
IDC experiments in the field can be complicated by environmental factors that 
could affect symptom expression [41]. Scientists have developed alternative methods for 
evaluating IDC using hydroponic systems in green houses and growth chambers. The use 
of hydroponic systems provides an advantage over field experiments by providing a 
consistent and controlled environment where scientists can monitor and adjust the 
amounts of nutrients in a given experiment. The nutrient solution we use for studying 
IDC was developed knowing the factors that contribute to IDC in the field: high 
bicarbonate concentrations and low iron availability [42]. The solution contains all 
essential elements except a sufficient amount of iron. To ensure that chlorosis in the 
leaves was due to iron deficiency, Lin et al. [43] increased the concentration of iron and 
observed a reduction in chlorosis, thus demonstrating that the chlorosis of the plants was 
due to iron deficiency. Jessen et al. [41] demonstrated that increasing bicarbonate 
concentration increased the severity of chlorosis by increasing the pH of the hydroponics 
solution and neutralizing the protons excreted by the root to facilitate iron uptake [44].  
Additional advantages of hydroponics are that research can progress throughout the 
winter months and that each experiment can be completed in as little as five weeks. To 
ensure that results obtained through nutrient solution experiments were comparable to 
field conditions, Lin et al. [43] determined that IDC QTL identified using hydroponics 
 10  
were the same as those identified in the field. This demonstrated that both methods were 
identifying the same genetic mechanisms controlling tolerance to IDC and that 
hydroponic evaluations were a good alternative to field experiments.  
 
Identifying candidate genes involved in the iron stress response in soybean 
 To identify candidate genes within IDC QTL, researchers have leveraged near 
isogenic lines (NILs) differing in their iron stress response. Clark and Isoclark NILS were 
specifically developed for research in IDC and are 98% genetically identical [45]. The 
iron inefficient line Isoclark was developed from a cross of iron efficient Clark with the 
iron inefficient line T203 (PI54619). Five repeated backcrosses to Clark, selecting for 
IDC susceptibility, yielded the iron inefficient line Isoclark.  Previous studies identified 
an IDC QTL on soybean chromosome 3 [39].  Severin et al. [39, 46] used RNA-seq data 
to define the region on chromosome 3 that was introgressed from T203 into Clark to 
develop Isoclark. Several other introgressed regions were identified; however none were 
associated with IDC QTL. Peiffer et al. [47] developed sub NILs of Clark and Isoclark to 
narrow the introgressed region even more and identified 18 genes that likely controlled 
the Clark iron stress response. Gene expression comparisons between iron-sufficient and 
iron-deficient conditions further narrowed the candidate genes to six genes differentially 
expressed in leaves and/or roots. Two of these (Glyma03g28610 and Glyma.03g26830) 
had homology to the AtbHLH38 transcription factor, known to dimerize with AtFIT1 to 
control iron uptake. In addition, Clark had greater expression levels of important iron 
responsive genes, GmFIT, GmFRO2 and GmIRT1 than Isoclark under iron deficiency 
conditions. To identify allelic differences between NILS, these two genes were 
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sequenced in iron efficient Clark, iron inefficient Anoka and iron inefficient T203. A 12 
base pair deletion was identified within the dimerization domain of Glyma03g28610 in 
the iron inefficient lines but not in the iron efficient lines [47], suggesting this deletion 
may prevent the binding of the Isoclark bHLH38 to FIT1, needed to activate iron uptake 
in the roots. The results concur with the hypothesis by O’Rourke et al. [48], which 
suggested that iron inefficiency in Isoclark was caused by a mutation in a transcription 
factor preventing the induction of the iron stress response.  
 To characterize genes involved in the soybean IDC response, O’Rourke et al. [48] 
characterized IDC responses in leaves of Clark and Isoclark, 14 days after iron stress 
using the first generation soybean Affymetrix GeneChip®. They found that Clark 
repressed the expression of genes involved in iron homeostasis, DNA replication and 
defense. Little differential expression was observed in Isoclark, with most genes induced 
in response to IDC. Following findings reported by O’Rourke [48], Atwood et al. [49] 
combined virus-induced gene silencing (VIGS) with RNA-seq to investigate the role of 
DNA replication in iron stress responses. In this study, Atwood et al. found that 
homologs of replication protein A subunits 1, 2 and 3 (GmRPA1, GmRPA2 and 
GmRPA3) were all repressed in response to iron stress in Clark, but induced in response 
to iron stress in Isoclark. Further, subunit gene GmRPA3c, coincided with an IDC QTL 
on chromosome 20 associated with chlorophyll content [40]. Silencing GmRPA3c in 
Isoclark, to mirror expression in Clark, reduced IDC symptoms [49].  RNA-seq of 
silenced plants and empty vector controls revealed that silencing increased expression of 
genes involved in defense and iron acquisition and utilization. This suggests the iron 
efficient line Clark represses DNA replication and the cell cycle when the plant is under 
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iron stress to slow growth until iron is available, thus increasing survival. Moran Lauter 
et al. [32] used RNA-seq to characterize IDC responses in Clark leave and roots one and 
six hours after iron stress.  This study identified hundreds of genes differentially 
expressed within hours after iron stress. In leaves, differential gene expression increased 
over time, while in roots differential expression decreased. Little overlap in gene 
expression was observed between time points or tissues, confirming soybean’s unique 
response to iron stress involving genes with functions related to defense and cell cycle 
control. 
 Many IDC studies from soybean have leveraged genomic information from model 
species including A. thaliana. Arabidopsis has proven to be useful in identifying 
homologs of canonical iron genes involved in iron uptake, translocation and iron 
homeostasis [50] in part due to ease of transformation and the wide availability of 
mutants. Though model plants are useful in identifying and characterizing candidate 
genes, it is important to use soybean and other crops in disease and abiotic stress 
research. Since these crops have been selected for high yield, it can constrain and/or 
enhance how plants respond to biotic and abiotic stress. For example, evidence suggests 
that the soybean line Clark responds more quickly to iron stress than Arabidopsis. Moran 
Lauter et al. [32] used RNA-seq to measure gene expression in Clark one and six hours 
after iron stress. Homologs of canonical iron genes such as GmFIT1 and GmFRO2, 
increased expression as early as one and six hours after iron stress. Stein and Waters [20] 
didn’t observe increased expression of FRO2 in Kas-1, a fast responding ecotype of 
Arabidopsis, until 16 hours after the onset of iron deficiency. This suggests that iron 
uptake genes in soybean respond much faster than homologs in Arabidopsis. 
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Characterizing and understanding these differences between species is important as they 
could significantly impact yield. However, we can still take advantage of the knowledge 
that has been generated through research in model species and apply it to further our 
understanding of IDC in soybean. 
 
Conclusion 
 Soybean is an important crop due to its many industrial uses and for human and 
animal consumption. Although the United States is currently the world’s largest producer 
of soybean, many soybean fields suffer from IDC, leading to a decrease in nutritional 
value and yield. The mechanisms involved in soybean’s response to IDC have been 
studied for several decades but are still not fully understood.  In the field, environmental 
factors can affect the duration of iron stress. Therefore, it is important to characterize 
plant responses to short and long term IDC stress. Previous studies have identified 
responses in specific genotypes, tissues, and treatments at a given time, however, to our 
knowledge there has not been a direct comparison between short and long term iron stress 
between iron efficient and inefficient lines, comparing both root and shoot responses. 
Therefore, the work of this thesis compares gene expression at multiple time points, 
genotypes and tissues, of plants grown in iron deficient conditions. Gene expression 
analyses conducted during this project allowed for identification of genes and 
transcription factors regulating response to iron stress. These analyses demonstrate the 
importance of genes involved in cell cycle, gene silencing, iron acquisition and defense in 
the soybean iron stress response. In addition, they suggest novel mechanisms for 
signaling between source and sink tissues during iron stress. The identification and 
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characterization of pathways responding to iron stress can be used in future studies for 
soybean improvement. 
 15  
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Abstract 
 Iron Deficiency Chlorosis (IDC) is a disease caused by lack of useable iron in the 
soil. Symptoms include stunting and intervenial chlorosis of the leaves, eventually 
leading to yield loss at the end of the season. IDC is particularly important in the upper 
Midwestern United States because soil conditions favor its development. With the use of 
next generation sequencing approaches, we characterized soybeans’ short and long-term 
response to iron stress. Our research takes advantage of two near isogenic lines that are 
98% genetically identical but differ in their iron efficiency response. Clark plants are iron 
efficient, while Isoclark plants are iron inefficient and develop symptoms of IDC under 
iron stress conditions. Both Clark and Isoclark were grown in hydroponics in a 
greenhouse for ten days. Plants were grown in one of three treatments: iron sufficient 
media for ten days, iron deficient media for ten days, or iron sufficient media for eight 
days followed by transfer to iron deficient media for two days. We collected a total of 48 
samples (three treatments x two time points x two tissues (roots and leaves) x four 
replicates) for RNA-seq analysis. This approach allowed us to identify thousands of 
genes differentially expressed in response to short and long term iron deficiency in both 
Clark and Isoclark and the transcription factors regulating their expression. These 
analyses demonstrate the importance of genes involved in cell cycle, gene silencing, iron 
acquisition and defense in the soybean iron stress response. In addition, they suggest 
novel mechanisms for signaling between source and sink tissues. 
 
Keywords: Soybean, iron deficiency chlorosis, RNA-seq 
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Introduction 
Iron is a micronutrient essential for the proper growth and development of all 
organisms. In plants, iron is essential for photosynthesis, respiration and many other 
metabolic processes. Lack of usable iron can result in iron deficiency chlorosis (IDC), 
which is characterized by intervenial chlorosis of the leaves, reduced plant growth and 
lower yield [1]. Soybean (Glycine max L. Merr.) is a legume of worldwide economic 
importance due to its many uses [2]. Soybean is grown for the oil and protein found in the 
seed, which are used for human and animal consumption, and as an ingredient in many 
important retail products, including biodiesel. 
In 2015, the United States was the largest producer of soybean, producing 33% of 
the world’s soybean [3]. However, many soybeans in the upper Midwestern United States 
suffer from IDC. While there is plenty of iron in the soil, the calcareous soils typical of 
the upper Midwest contain an abundance of calcium carbonate and a pH level above 7. 
This keeps iron in the ferric state Fe3+, which cannot be taken up by the roots. Climate 
also impacts IDC because moisture and cooler temperatures allow carbon dioxide to build 
up in the soil. As the level of carbon dioxide increases, so does the level of bicarbonate, 
which neutralizes the acid soybean roots excrete to increase iron solubility, increasing the 
incidence of IDC. In soybean, IDC results in an estimated yield loss of $120,000,000 per 
year in the north central US alone [4]. Therefore, farmers and producers are particularly 
interested in improving soybean responses to IDC while maintaining high yield.  
There are two strategies that plants can use to uptake iron. Dicots, including 
soybean, employ strategy 1. Studies from the model dicot Arabidopsis thaliana 
demonstrate that strategy 1 is induced under iron limitation through the actions of Fe-
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deficiency Induced Transcription Factor (FIT) in combination with one of four additional 
basic helix–loop–helix (bHLH)-family transcription factors in the root, which regulate 
Ferric-chelate Reductase (FRO) and Iron-Regulated Transporter 1 (IRT1) [5-7]. The 
signal activating these genes in the roots comes from an unknown factor that originates in 
the leaves [8, 9].  
O’Rourke et al. [10] demonstrated that soybean employs novel mechanisms in the 
uptake of iron and response to iron stress. O’Rourke et al. characterized IDC responses in 
leaves of Clark and Isoclark, two near isogenic soybean lines differing in their tolerance 
to IDC. Fourteen days after iron stress, they found that Clark (IDC tolerant) regulated the 
expression of genes involved in iron homeostasis, DNA replication and defense.   
Following findings reported by O’Rourke[10], Atwood et al. [11] combined virus 
induced gene silencing (VIGS) with RNA-seq to demonstrate that silencing of the DNA 
replication gene GmRPA3c in Isoclark, to mirror expression found in Clark, resulted in 
decreased IDC symptoms and increased expression of genes involved in defense and iron 
acquisition and utilization. This suggests the iron efficient line Clark represses DNA 
replication and the cell cycle when the plant is under iron stress to slow growth and 
enhances stress tolerance until iron is available, thus increasing survival.  
Other evidence suggests that Clark also responds more quickly to iron stress than 
Arabidopsis. Moran Lauter et al. [12] used RNA-seq to measure gene expression in Clark 
after one and six hours of iron stress. In Clark, expression of canonical iron genes such as 
homologs of FIT and FRO2, increased as early as one and six hours after iron stress. 
Stein and Waters [13] did not observe increased expression of FRO2 in Kas-1, a fast 
responding ecotype of Arabidopsis, until 16 hours after the onset of iron deficiency. 
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FRO2 is responsible for converting ferric iron Fe3+ to ferrous iron Fe2+ for uptake by the 
roots. This suggests that iron uptake genes in soybean respond much faster than 
homologs in Arabidopsis. Characterizing and understanding these differences between 
species is important as they could significantly impact yield. 
Previous IDC gene expression studies in soybean have examined short and long 
term iron stress responses independently and used different technology platforms, 
treatments, time points and genotypes [10-12]. To our knowledge, no direct comparisons 
have been made between short and long term iron stress responses in iron efficient and 
inefficient lines in any species. Our analyses allowed direct comparisons of efficient 
Clark and inefficient Isoclark following short term (two days) and long term (ten days) 
iron stress, while controlling for plant age. At the same time we could compare gene 
expression in roots and shoots for both genotypes and treatments. This allowed us to 
identify clusters of genes with similar expression patterns. In addition, we demonstrate 
that gene clusters have distinct biological roles and are regulated by distinct transcription 
factor families. 
 
Materials and Methods 
Growth conditions 
Near isogenic soybean lines Clark (PI 548533) and Isoclark (PI 547430) were 
developed by the USDA-ARS [14]. Iron efficient Clark was crossed with iron inefficient 
T203 (PI54619). Five repeated backcrosses to Clark, selecting for IDC susceptibility, 
yielded the iron inefficient line Isoclark. Clark and Isoclark seeds were germinated on 
germination paper for seven days in the USDA-ARS greenhouse at Iowa State 
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University. Plants were then grown in one of three nutrient regimes: iron sufficient media 
for ten days, iron deficient media for ten days, or iron sufficient media for eight days 
followed by transfer to iron deficient media for two days. Following germination, two 
thirds of the seedlings were transferred to hydroponics with iron sufficient media (100 
µM Fe(NO3)3•9H2O) and 3% CO2 as described by Chaney et al. [15]. The remaining 
seedlings were transferred to iron deficient media (50 µM Fe (NO3)3•9H2O) and 3% CO2. 
Media volumes were adjusted for use with10 L buckets.  In order to ensure that all plants 
received similar treatment, at eight days the roots of all plants were rinsed in distilled 
water and the plants were returned or transferred to the appropriate media. A 
supplemental nutrient solution containing 16 mM potassium phosphate, 0.287 mM boric 
acid and 355 mM ammonium nitrate was added daily to maintain proper plant nutrition. 
Whole roots and the first trifoliate of plants were harvested 17 days after germination, or 
10 days after initial placement in hydroponics. Four biological replicates were harvested 
for each sample. Plant tissues were flash frozen in liquid nitrogen and stored in -80°C 
freezer. 
RNA Isolation 
Frozen tissue was ground in liquid nitrogen with a mortar and pestle. RNA was 
extracted from ~300 mg of ground leaves or ~800 mg of ground roots. RNA was 
extracted using the Qiagen® RNeasy® Plant Mini Kit (Qiagen®, Germantown, MD), 
according to the manufacturer’s protocol. To aid in tissue disruption, ground tissue was 
lysed with buffer RLT and tubes were incubated at 56°C for two minutes with 800 rpm 
shaking. RNA was treated with an Ambion® TURBO DNA-free™ kit (Ambion®, 
Austin, TX) to remove contaminating DNA. RNA quality was determined by Thermo 
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Fisher Scientific NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA). RNA was considered to be of good quality if the 260/280 ratio was 
above 2.0 and the 260/230 ratio was above 1.7. Equal amounts of RNA from four plants 
were pooled for each biological replicate prior to sequencing. RNA quality of pooled 
samples was confirmed using an Agilent® 2100 Bioanalyzer TM (Agilent®, Santa Clara, 
CA).  
RNA–seq Analysis 
Sequencing was performed at the National Center for Genome Resources on an 
Illumina Genome Analyzer II as described by Moran Lauter et al, [12]. Libraries were 
prepared from 48 samples (three treatments x two genotypes x two tissues (roots and 
leaves) x four biological replicates). Libraries were sequenced for 100 cycles to produce a 
total 788 million single-end reads. FastQC [16] was used to check the sequence quality.  
Reads were analyzed with the programs Scythe (UC Davis Bioinformatics Core, 
(https://github.com/ucdavis-bioinformatics), FASTX Trimmer 
(http://hannonlab.cshl.edu/fastx_toolkit/) and Sickle (UC Davis Bioinformatics Core, 
(https://github.com/ucdavis-bioinformatics) to remove adaptors, sequencing artifacts and 
low quality bases, respectively. TopHat version 2.0.3 [17] was used to align reads to the 
Williams 82 reference genome sequence using default settings (version Wm82.a2.v2 
)[18]. The Samtools package [19] was used to remove unreliably mapped reads. The 
resulting mapping files were imported into the statistical program R (R Development 
Core Team 2006) using Rsamtools [20]. Similarly, rtracklayer [21] was used for 
importing soybean gene features (version Wm82.a2.v2 [18]). GenomicRanges [22] was 
used to count reads per sample. Genes with less than one count per million reads (cpm < 
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1) in at least three of the four replicates were eliminated from the analysis. ggplot2 [23] 
was used to visualize replicate samples for technical reproducibility. The Bioconductor 
package edgeR [24] was used for normalizing RNA-seq data across all leaf or root 
samples and to identify differentially expressed genes (DEGs) responding to treatment in 
genotype, genotype, and genotype by treatment interactions. The design matrix used a 
two by three experimental model with the factors genotype (Clark or Isoclark) and 
treatment (iron sufficient, iron deficient two days, and iron deficient 10 days). For each 
genotype, comparisons were made to iron sufficient conditions using a FDR <0.01.  
DEGs, Log2 fold change, P-value and false discovery rate (FDR) are reported 
(Supplemental Tables 1A-1F).  
Annotation of DEGs 
DEGs from each time point, tissue and genotype were annotated using the 
SoyBase Genome Annotation Report page (http://soybase.org/genomeannotation/). In 
short, primary proteins of G. max version 2.0 (Wm82.a2.v2) were compared to the 
UniRef100 protein database (version 03/27/2014, [25]) and all predicted proteins from 
the A. thaliana genome (The Arabidopsis Information Resource version 10, 
http://arabidopsis.org) using BLASTP (E<10-10, BLAST version 2.2.27, [26]). BLAST 
reports from Uniref100 were parsed using custom Perl scripts to identify the top 
BLASTP hit and the most informative BLASTP hit. Custom Perl scripts were used to 
assign gene ontology (GO) biological process and molecular function terms [27] from the 
top Arabidopsis hit to the corresponding soybean protein.  
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Clustering Analyses 
We performed hierarchical clustering in R using hclust (pearson, spearman 
methods, [28]) to group similarly expressed genes in our leaf and root data. Clusters were 
generated using z-scores, which compared individual gene expression within a sample to 
the average of all samples. To identify significantly overrepresented GO terms within a 
cluster of interest, we used a Fisher’s exact test [29] with a Bonferonni [30] correction to 
compare the DEGs in a cluster relative to all predicted genes in the soybean genome. 
Custom Perl scripts were used to remove redundant GO terms with overlapping gene 
lists. If two GO terms overlapped, the significant GO term with the largest number of 
DEGs was reported. Overlapping GO term information is available in the supplemental 
data (Supplemental Tables 2A-2C). 
Transcription Factor Analyses 
For identification of transcription factors within clusters of DEGs, we took 
advantage of the SoyDB transcription factor database [31]. Custom Perl scripts were used 
to update SoyDB transcription factors (TFs) to a G. max 2.0 identifier (Supplemental 
Table 3).  
To identify transcription factor binding sites that were significantly (t <0.05) 
overrepresented in the promoters of DEGs within a cluster compared to the promoters of 
all predicted genes in the soybean genome, we used Clover (Cis element 
overrepresentation) [32] with the core JASPAR nonredundant plant transcription factor 
database (version 2016, [33] (Supplemental Tables 4 and 5)).  Custom Perl scripts were 
used to extract 500 bases of promoter sequence for each predicted gene.  Promoter 
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sequences containing two or more ambiguous bases or sequences shorter than 500 bases 
were excluded from the analysis.  
 
Results 
RNA-seq of Clark and Isoclark leaves and roots under short and long term iron stress 
conditions 
 RNA-seq was used to compare gene expression differences between iron efficient 
and inefficient genotypes (Clark and Isoclark, respectively) in response to short term (two 
days Fe-) and long term (ten days Fe-) iron stress while controlling for the age of the 
plants. We collected the first trifoliate leaf and whole root tissue from Clark and Isoclark 
plants grown simultaneously in hydroponics and treated to zero, two or ten days of iron 
stress.  RNA-seq generated by the project has been deposited in the GenBank Small 
Reads Archive (http://www.ncbi.nlm.nih.gov/sra) under BioProject accession XXXXX.  
Following the bioinformatic pipeline detailed in the materials and methods, a total of 788 
million reads were mapped to the soybean genome (version G. max 2.0 [18]).  DEGs 
responding to treatment in each genotype, genotype, and genotype by treatment 
interactions were identified. DEGs were considered significant if their false discovery 
rate (FDR) <0.01. The DEGs were annotated using the SoyBase Genome Annotation 
Report page (http://soybase.org/genomeannotation/index.php). 
DEGs in Response to Treatment 
By comparing iron stress treatments (two or ten days Fe-) to iron sufficient 
controls (ten days Fe+), we identified genes differentially expressed (FDR <0.01) in 
response to short or long term iron stress treatment in leaves and roots of each genotype 
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(Supplemental Tables 1A and 1D). We identified 4,144 genes differentially expressed 
due to treatment in the leaves. In Clark, 5 and 3,259 DEGs were identified in leaves at 
two and ten days Fe-, respectively. Four of these genes were in common between short- 
and long-term iron stress in Clark. In Isoclark, 940 and 38 DEGs were identified in leaves 
at two and ten days Fe-, respectively, with 18 genes common to both time points.  
Comparing Clark to Isoclark, three and one gene(s) were in common between Clark at 
two days Fe- and Isoclark at two or ten days Fe-, respectively. Comparing Clark at ten 
days Fe- to Isoclark at two or ten days Fe-, 69 and 14 DEGs were in common. This 
suggests that in the leaves there is little overlap in gene expression between Clark and 
Isoclark in response to short- or long-term iron stress. 
In roots, we identified 1,541genes differentially expressed due to treatment. In 
Clark, 446 and 790 DEGs were identified at two and ten days Fe-, respectively. Between 
timepoints, 260 DEGs were in common. In Isoclark, 253 and 204 DEGs were identified 
at two and ten days Fe-, respectively, with only 24 DEGs in common.  Comparing across 
genotypes, 78 and 114 DEGs were in common between Clark roots at two days Fe- and 
Isoclark roots at two or ten days Fe-, respectively. Similarly, 23 and 160 DEGs were in 
common between Clark at ten days Fe- and Isoclark at two or ten days Fe-, respectively. 
As suggested by the leaves, little overlap in differential gene expression between 
genotypes or tissues was observed. 
Cluster Analysis of DEGs Responding to Treatment 
While the DEGs above were not significant across all treatments or genotypes, we 
could use them for studying general expression trends. To allow us to compare genotypes 
and response to treatment, we combined gene lists and expression data for treatment in 
 30  
Clark after two or ten days of iron stress and treatment in Isoclark after two or ten days of 
iron stress. We performed hierarchical clustering on the 4,144 leaf DEGs and 1,541 root 
DEGs (Figure 1A and 1B, Supplemental Tables 1A and 1D) to cluster genes based on 
expression pattern. In leaves, the DEGs organized into four main clusters TL1-TL4, 
containing 1978, 823, 1333, and 106 DEGs, respectively (Figure 1A). In the roots, 
hierarchical clustering identified four distinct clusters (TR1-TR4) comprising 199, 568, 
694, and 80 genes respectively (Figure 1B). For both leaves and roots, clusters coincided 
with strong expression in a particular genotype and treatment combination. For example, 
cluster TL1 was weakly repressed in Clark at two days Fe- and strongly repressed at ten 
days Fe-. In Isoclark, DEGs in cluster TL1 were induced in response to iron stress at two 
days, but had mixed expression at ten days. Similarly, clusters TL2, TL3 and TL4 were 
associated with strong DEG expression in Isoclark at two days Fe- (induced by iron 
stress), Clark at ten days Fe- (induced by iron stress) and Isoclark at two days Fe- 
(repressed by iron stress), respectively. Root clusters TR1and TR2 were associated with 
strong DEG expression in Isoclark at two and ten days (repressed by iron stress) and 
Clark at two days (repressed by iron stress).  Root cluster TR3 was associated with strong 
expression in Clark at two and ten days (induced by iron stress) and Isoclark at ten days 
(induced by iron stress) while root cluster TR4 was induced in both genotypes and 
treatments. Expression differences between Clark and Isoclark were more evident in the 
leaves than in the roots. 
Within each tissue and cluster, we used a Fisher’s exact test [29] with a 
Bonferonni correction [30] to identify gene ontology terms significantly (P< 0.05) 
overrepresented among all differentially expressed genes within a cluster relative to all 
 31  
predicted genes in the Williams82 reference genome (Figures 2 and 3, Supplemental 
Table 2A). This allowed us to determine the biological function of individual clusters in 
Figure 1. Given the large number of GO terms identified for clusters TL1 and TL2, 
redundant GO terms were removed to ease interpretation of Figure 2. A full list of all 
significant GO Terms associated with a cluster can be found in Supplemental Table 2A. 
Cluster TL1 contained a significant (P<0.05) overrepresentation of genes with GO 
terms related to cell cycle and gene silencing. Note that many genes with roles in DNA 
replication, also function in control of the cell cycle and gene silencing. Cluster TL2 
contained a significant overrepresentation of genes with GO terms related to defense and 
plant immunity. Clusters TL3 and TL4 contained genes significantly overrepresented 
with GO terms related to ion homeostasis (iron and copper), response to oxidative stress 
and photosynthesis. Combined with the expression data, this suggests that in the leaves, 
Clark repressed DEGs associated with the cell cycle and gene silencing (TL1) and 
induced DEGs associated with photosynthesis, oxidative stress and iron ion homeostasis 
(TL3 and TL4). As iron stress continued, the magnitude of gene expression increased. In 
contrast, Isoclark strongly induced defense responses (TL2), but repressed 
photosynthesis. As iron stress continued, the response in Isoclark became weaker. 
In the roots, cluster TR1 contained a significant (P<0.05) overrepresentation of 
genes with GO terms associated with response to chitin, intracellular signal transduction, 
ATP biosynthesis and ammonium transport (Figure 3, Supplemental Table 2A). Cluster 
TR2 was overrepresented with genes associated with the cell cycle and gene silencing, 
similar to cluster TL1 from leaves. Cluster TR3 was overrepresented with genes 
associated with iron homeostasis, phenylpropanoid metabolism and coumarin 
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biosynthesis. Cluster TR4 had no significant GO terms associated with it (Supplemental 
Figure 1B).  Comparing genotypes, we see that Clark again repressed the expression of 
DEGs associated with the cell cycle and gene silencing, while DEGs associated with iron 
uptake and homeostasis were induced. In contrast, Isoclark weakly induced expression of 
genes associated with the cell cycle and gene silencing at two days, but repressed their 
expression by ten days. Similarly, genes associated with iron uptake and homeostasis 
were weakly repressed at two days Fe- and weakly induced at ten days Fe–.  This 
suggests that in roots, Isoclark is slow to recognize iron stress conditions. 
Identification of Transcription Factors Responding to Treatment 
We also identified transcription factors within our data set to observe how they 
correlate with gene expression in response to iron stress.  We took advantage of the 
SoyDB transcription factor database [31] to identify differentially expressed transcription 
factors responding to iron deficiency across all genotypes, treatments and tissues 
(Supplemental Table 3). In addition, we used Clover (Cis element over representation) 
[32] and the JASPAR transcription factor database (version 2016,[33]) to identify 
significantly (P<0.05) overrepresented transcription factor binding sites in promoters of 
DEGs within a cluster, relative to all promoters in the soybean genome (Supplemental 
Tables 4 and 5). This approach could help identify transcription factors that were 
expressed early in iron deficiency responses, but were no longer differentially expressed 
at the time points used in this study. 
 Not surprisingly, the expression of the transcription factors matched the 
expression of the cluster they came from (Figures 1 and 4, Supplemental Table 3). 
However, we observed that within a cluster, there were often multiple TFs within a TFF, 
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representing a particular family that might play a prominent role in regulating the 
expression of genes in that cluster. Since different clusters have different TFFs with 
multiple representatives, particular TFFs likely regulate genes within these clusters 
corresponding to the biological functions associated with the clusters. 
In total, we identified 48 differentially expressed transcription factor families 
(TFFs) responding to iron stress in leaves and roots (Figure 4, Supplemental Table 3). In 
leaves, we identified representatives from 45 TFFs. Clusters TL1-TL4 contained 230, 87, 
111 and 7 TFs belonging to 35, 21, 26 and 4 TFFs, respectively. Of these, TFFs 
ABI3/VP1, C2C2(Zn)GATA, C2C2(Zn)YABBY, CCHC(Zn), DDT, E2F/DP, GRF, 
HMG, HTH-ARAC, TCP, TUB and ZF-HD were unique to cluster TL1. TFFs 
BROMODOMAIN, CAMTA, HSF and ZIM were unique to cluster TL2. TFFs ARID, 
CSD, DHHC(Zn), Nin-like and PLATZ were unique to TL3.  No TFFs were unique to 
cluster TL4. In roots, we identified representatives from 31 TFFs. Clusters TR1-TR4 
contained 18, 53, 136 and 5 TFs belonging to 9, 17, 23 and 5 TFFs, respectively. TFF 
C3H-type1 (Zn) was unique to cluster TR1. TFFs CCAAAT, DDT, E2F/DP, HMG and 
SNF2 were unique to TR2.  TFFs ABI3/VP1, AUX-IAA-ARF, C2C2(Zn)CO-like, 
C2C2(Zn)Dof, HTH-ARAC, JUMONJI, MADS, R3H, SBP and ZIM were unique to 
TR3. Only TFF C2C2(Zn)GATA was unique to TR4. 
In cluster TL1 we observed that TF expression patterns were opposite in Clark 
and Isoclark. Clark slightly repressed TFs at two days Fe-, but strongly repressed TFs in 
this cluster at ten days Fe-. In contrast, Isoclark tended to weakly induce TF expression at 
two days Fe- but by ten days Fe- expression patterns were mixed.  Cluster TL1 was 
significantly overrepresented with genes associated with the cell cycle and gene silencing 
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(Figure 2, Supplemental Table 2A).  A number of TFs from cluster TL1 have homologs 
from Arabidopsis with functions related to the cell cycle and gene silencing 
(Supplemental Table 3, Figure 4). Glyma.02G309100, Glyma.12G001300 and 
Glyma.14G003700 are homologs of the PHD TF AtVIM1, which is involved in CG 
methylation [34] and creates a binding site for HP1 proteins which are involved in gene 
silencing [35]. Glyma.18G123600, Glyma.01G044300 and Glyma.02G019300 are MYB-
HD-like TFs that are homologous to AtMYB88 which regulates stomatal development by 
preventing excessive cell divisions [36]. Glyma.01G019700 and Glyma.08G274200 are 
homologs of ATbHLH093 which belong to the same subgroup as SPCH, MUTE and 
FAMA [37]. These TFs interact to control final proliferation during stomatal 
development [38]. Glyma.05G033400, Glyma.06G024900 and Glyma.17G093600 
belong to the E2F/DP TFF family. Atwood et al. [11] found that DNA replication genes 
responding to iron stress in Clark were significantly overrepresented with E2F binding 
sites.  
We identified 48 overrepresented transcription factor binding sites for cluster 
TL1, including binding sites for seven different DOF TFs and seven different TCP TFs 
(Supplemental Table 4). DOF5.6/HCA2 regulates cambium formation and vascular 
development in Arabidopsis[39]. hca2 mutants display shorter stems and reduced plant 
height, likely the result of reduced epidermal cell length. Similarly AtTCP15, regulates 
organ growth by controlling cell growth and differentiation [40]. Li et al. [41] 
demonstrated that AtTCP20 can bind to the promoters of cyclin CYCB1;1 and several 
ribosomal proteins, allowing it to regulate growth and cell division. While only two TCP 
TFs (Glyma.06G284500 and Glyma.12G168300) were identified in leaves (both in TL1), 
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both were repressed by iron stress in Clark and Isoclark, with greatest repression 
observed in Clark at ten days Fe-. These findings validate the use of TFBS analyses to 
identify TFs that were differentially expressed prior to the time of tissue collection and 
were no longer differentially expressed in the time points used in this study. It is worth 
noting that significantly overrepresented TCP TFBS were found in almost every cluster, 
except cluster TR2 in the roots. 
In cluster TL2, associated with defense and plant immunity (Figure 2, 
Supplemental Table 2A), we observed strongest TF induction at two days Fe- in Isoclark, 
with weaker induction at ten days Fe- (Supplemental Table 3, Figure 4). In Clark, we can 
observe slight induction at two days Fe-, however by ten days Fe-, a number of these 
genes were repressed. In addition, we observed strong differential expression of specific 
TFFs including bHLH, MYB-HD, NAC, TPR, WRKY and ZIM TFFs. 
Glyma.03G130400, is a homolog of bHLH038, which is induced under iron limitation in 
Arabidopsis and regulates the expression of FRO and IRT [42]. Glyma.03G130400 was 
induced in Clark and Isoclark, however in Clark expression increased with increased iron 
stress duration (fold change of 10.4 and 15 at two and ten days Fe-, respectively), while 
in Isoclark expression decreased following increased iron stress (fold change of 9.2 and 
3.7 at two and ten days Fe-, respectively). Glyma.08G279100 is homologous to the 
Arabidopsis bHLH TF JAI1 (MYC2), which regulates jasmonate-dependent defense 
responses [43]. Glyma.08G279100 is slightly induced in Clark and Isoclark following 
two days of iron stress. Glyma.17G237900 is a homolog of AtMYB44, which is a positive 
regulator of genes enhancing stress tolerance [44]. Similarly, NAC and WRKY TFs 
regulate senescence and defense-related processes [45]. Glyma.13G279900, an AtNAC3 
 36  
homolog, increases superoxide scavenging, thereby improving tolerance to water stress 
[46].  Glyma.04G223300, Glyma.06G142000, and Glyma.18G213200, are homologs of 
AtWRKY70, which is as a negative regulator of senescence [45] and a positive regulator 
of salicylic acid dependent defense gene expression. Glyma.09G005700 and 
Glyma.17G011400 are AtWRKY6 homologs. AtWRKY6 regulates responses to boron 
deficiency[47]. Glyma.06G125600 (WRKY30) [48], Glyma.06G147100 (WRKY51) [49] 
regulate jasmonic acid accumulation and abiotic stress tolerance.  Cluster TL2 had 76 
significantly overrepresented unique transcription factor binding sites including WRKY, 
MYC, and ERF TFs (Supplemental Table 4). Fifteen overrepresented TFBS 
corresponded to different WRKY TFs, all but one uniquely overrepresented in cluster 
TL2. Similarly, nine TFBS corresponded to ERF TFS, with four specific to cluster TL2. 
MYC2, MYC3 and MYC4, encode bHLH TFs that regulate jasmonate transcriptional 
responses [50].  
Clusters TL3 and TL4 had unique genes with overlapping functions associated 
with ion homeostasis, response to oxidative stress and photosynthesis (Figure 2, Table 
2A). In cluster TL3, we observed weak induction of TFs at two days Fe- in Clark, with 
stronger induction at 10 days Fe- (Figure 4, Supplemental Table 3). In contrast, TFs in 
this cluster were weakly repressed in Isoclark at two days Fe- and weakly induced by ten 
days Fe-. Cluster TL4 had almost the opposite expression pattern, weakly repressed at 
two days Fe- in both genotypes and at ten days Fe- in Isoclark, with weak induction 
observed only in Clark at ten days Fe-. Clusters of differentially expressed TFFs included 
Homeodomain, MYB/HD and GRAS TFs. Glyma.11G183400, Glyma.12G089100 and 
Glyma.16G152200 are homologs of AtMYR, a homeodomain TF which negatively 
 37  
regulates flowering time in response to decreased light intensity and negatively regulates 
gibberellin (GA) [51].  Knockout mutants of AtMYR resulted in increased growth under 
low light intensities while AtMYR overexpression resulted in GA deficiency. 
Glyma.19G119300 is a homolog of ATMYB60 which inhibits root growth and promotes 
stomatal closure during drought stress [52]. Similarly, Glyma.14G088300 is a homolog 
of AtZAT10, which increases tolerance to abiotic stress by increasing the expression of 
genes providing defense against reactive oxygen species [53]. We also identified 
Glyma.15G063000, a homolog of AtILR3 (bHLH105), which interacts with AtPYE and 
AtBTS to regulate the expression of genes involved in iron acquisition and homeostasis 
[54]. Overrepresented transcription factor binding sites in cluster TL3 included BZR, 
BIM, ERF, and TCP TFs (Supplemental Table 4). Within this cluster, many transcription 
factor binding sites were associated with light regulation of growth and photosynthesis. 
For example, interactions between BZR and BIM TFs regulate growth and development 
through brassinosteroid production [55].  ERF8 regulates the progression of leaf 
senescence [56] and TCP15 modulates leaf and cell growth [40]. TCP2 has been 
identified as an activator of photoreceptors including CRY1, a blue light receptor [57].  
Cluster TL4 was overrepresented with transcription factor binding sites for PIF, TCP and 
HY5 transcription factors (Supplemental Table 4). PIF TFs interact with phytochromes to 
control chlorophyll biosynthesis, specifically, PIF1 negatively regulates chlorophyll 
biosynthesis to avoid reaching toxic levels [58]. TCP2 has been implicated in positively 
regulating HY5 [57], which is required for photomorphogenesis [59]. Further, HY5 acts 
as a mobile messenger to coordinate plant carbon and nitrogen acquisition [60]. 
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In cluster TR1, which contained a diverse array of overrepresented GO terms 
including response to chitin (Figure 3, Supplemental Table 2A), Clark and Isoclark both 
repressed TF expression at two days Fe- (Figure 4, Supplemental Table 3). At ten days 
Fe-, slight induction of some TFs can be observed in both lines. Within the TR1 TF data, 
we observed a total of nine TFFs (18 total differentially expressed TFs). Of these, four 
encode AP2-EREBP TFs including Glyma.05G063500 is a homolog of AtERF5 which is 
involved in the regulation of chitin for plant immunity [61], increasing drought tolerance 
[62], and being a positive regulator for JA-mediated defense responses [63]. In addition, 
we identified 29 overrepresented transcription factor binding sites in this cluster 
(Supplemental Table 5). A large portion of the binding sites in this cluster (16) 
corresponded to WRKY transcription factors, many of which are known to regulate plant 
defense responses [64].  
Cluster TR2, was associated with cell cycle and gene silencing (Figure 3, 
Supplemental Table 2A). Almost all TFs in this cluster were repressed in response to iron 
stress at two and ten days Fe- and in both lines (Figure 4, Supplemental Table 3). 
Interestingly, of the 53 TFs in this cluster, 18 were also differentially expressed in leaves 
and 14 of these were associated with cluster TL1, which also corresponds to genes 
involved in cell cycle and gene silencing. Seven TFs common to cluster TL1 and TR2 
have known functions related to cell cycle and gene silencing included 
Glyma.11G189500 (AtHD2B), Glyma.17G093600 (AtDEL1), Glyma.10G288300 and 
Glyma.20G100600 (AtHMGB6), Glyma.14G003700 (AtVIM1), Glyma.15G034300 
(AtORC1A) and Glyma.07G250700 (AtCHR17). AtHD2B [65], AtHMGB6 [66] AtVIM1 
[67] and AtCHR17 [68] are involved in chromatin remodeling, while AtDEL1 and 
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AtORC1A regulate the cell cycle [69]. Interestingly, AtDEL1 has recently been 
implicated in plant immunity [70]. AtDEL1 is a negative repressor of EDS5 (Enhanced 
Disease Susceptibility 5), a salicylic acid transporter required for plant immunity [70]. 
The function of the remaining seven TFs is unknown. We identified 29 unique 
transcription factor-binding sites in this cluster including three AHL TF binding sites 
(Supplemental Table 5). Biological functions for many AHL TF have yet to be 
determined, but it is believed that interactions between AHL genes regulate hypocotol 
growth [71].  
Cluster TR3 was associated with genes involved in iron uptake and homeostasis 
(Figure 3, Supplemental Table 2A). We observed induction of TFs across all time points 
for both genotypes, with the strongest induction at ten days Fe- in Clark (Figure 4, 
Supplemental Table 3). Isoclark slightly repressed some TFs at two days Fe- but induced 
their expression at ten days Fe-. Many of the TFs in this cluster are involved regulating 
gene expression in response to iron and other abiotic stress. Glyma.02G005600 and 
Glyma.10G006600 are homologs of AtMYB15 which is an R2R3 MYB transcription 
factor implicated in improving tolerance to drought and salt stress by enhancing ABA 
biosynthesis to inhibit root growth and close stomata [72]. Glyma.12G178500 and 
Glyma.13G322100, are homologs of bHLH029 also known as AtFIT1 which is required 
for the uptake of iron under iron deficiency [73]. Glyma.03G130400, Glyma.03G130600 
and Glyma.19G132600 are homologs of bHLH038, which interacts with AtFIT1 to 
regulate iron uptake [42]. Glyma.03G130400 and Glyma.03G130600 are both located 
within an IDC QTL on soybean chromosome 3 characterized by Peiffer et al. [74]. 
Glyma.19G132600 lies within a homeologous region that arose through a soybean 
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genome duplication event. Both Glyma.03G130400 and Glyma.19G132600 were 
differentially expressed in response to iron stress in leave and roots. Glyma.17G098900 is 
a homolog of bHLH transcription factor PYE, which regulates iron responsive genes 
during iron deficiency [54]. Glyma.12G196700 and Glyma.13G305500 are homologs of 
bHLH115, which interact with AtBTS to repress expression of iron responsive genes 
[54]. Glyma.06G042100 is a homolog of AtRAP2.1, which binds dehydration responsive 
elements and controls expression of stress response genes. In addition, we identified six 
unique significantly overrepresented transcription factor binding sites in cluster TR3, 
including TCP19 and TCP20 (Supplemental Table 5). TCP20, in combination with 
TCP7, TCP15, or TCP21, regulates expression of iron responsive bHLH38, bHLH39, 
bHLH100 and bHLH101 genes [75]. In addition to regulating growth and the cell cycle 
as mentioned earlier [41] TCP20 is involved in regulating root growth to enhance 
nitrogen acquisition [76]. 
While no significantly overrepresented GO terms were identified for cluster TR4 
(Supplemental Table 2A), it did contain five transcriptions factors, each from a unique 
family. For all five TFs, Clark induced expression of TFs at two days Fe-, but repressed 
expression at ten days Fe- (Figure 4, Supplemental Table 3). In Isoclark, TF expression 
was induced at both two and ten days Fe-. Remarkably, while this cluster was quite small, 
we did identify 50 unique transcription factor binding sites including those for PIF, TCP 
and WRKY TFs (Supplemental Table 5).   
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DEGs in Response to Genotype 
By comparing gene expression in Isoclark to Clark (I/C) across all times and 
treatments, we identified 48 genes in leaves and 158 genes in roots (FDR <0.01) that 
were differentially expressed between lines, regardless of iron stress (Figure 5, 
Supplemental Tables 1B and 1E). To better understand the transcriptional differences 
between genotypes, we performed hierarchical clustering on our genotype leaf and root 
DEGs, as described previously. To allow direct comparisons of genotypes across all three 
treatments (2 days Fe-, 10 days Fe-, 10 days Fe+), the heat maps in Figure 5 are based on 
Z scores, which compare gene expression (in counts per million, cpm) in a sample to 
mean gene expression across all samples.  
In the leaves, the genes organized into two clusters (Figure 5A, Supplemental 
Table 2B). Cluster Genotype Leaf 1 (GL1), contained 16 DEGs expressed at higher 
levels in Clark. Cluster GL2, contained 32 DEGs expressed more in Isoclark. Cluster 
GL1 had no significantly overrepresented GO terms, while GL2 contained genes 
associated with response to absence of light (GO: 0009646) (Supplemental Table 2B). 
Similarly, the roots also organized in two clusters (Figure 5B, Supplemental Table 1E). 
Cluster GR1 (74 DEGs) had no significant GO term association (Supplemental Table 
2B), however cluster GR2 (84 DEGs) contained a significant overrepresentation of genes 
associated with iron ion homeostasis (GO: 0055072). Surprisingly, cluster GR2 had 
greater gene expression in Isoclark, relative to Clark. Genes in this group included 
homologs of AtbHLH38 (Glyma.03G130600), AtFIT1 (Glyma.12G178500), AtBTS 
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(Glyma.07G093700), and AtNRAMP3 (Glyma.05G101700), AtNAS3 
(Glyma.03G231200) and AtOPT3 (Glyma.17G006100). 
Treatment by Genotype DEGs 
 We also examined our data for genes with a treatment by genotype interactions 
(Supplemental Tables 1C and 1F). We identified 1272 and 5 such DEGs in leaves and 
roots, respectively. In leaves, these genes clustered into two groups, TxGL1 and TxGL2, 
containing 85 and 1187 DEGs, respectively (Figure 5 C). Cluster TxGL1 contained an 
overrepresentation of genes associated with amino acid transport (GO: 0032973) that 
were increasingly induced in response to iron stress in Clark, but repressed in Isoclark 
(Supplemental Table 2C). Cluster TxGL2 was overrepresented with numerous GO terms 
associated with the cell cycle and gene silencing. These genes were increasingly 
repressed in response to iron stress in Clark, but weakly induced in Isoclark at two days 
Fe-. In roots, two of the five TxG DEGs were homologs of AtbHLH38 
(Glyma.19G132500 and Glyma.19G132600). 
 
Discussion 
Soybean is an agronomically important crop, originally domesticated in China in 
1100 B.C. Since its domestication, farmers and plant breeders have continually selected 
for increased yield while simultaneously selecting for increased resistance to biotic and 
abiotic stress. This selection pressure may constrain how soybean responds to stress and 
is often not considered when studying complex agricultural traits in model species.  
Candidate genes associated with stress responses identified from model species may 
negatively affect yield, making their application to agricultural systems more difficult. 
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Therefore, studying disease and stress resistance mechanisms within crop species remains 
vitally important. Next generation sequencing technologies, such as RNA-seq, have 
expanded studies normally reserved for model species to important crop species. 
Expression studies have highlighted important differences in response to iron 
deficiency between soybean and model species, such as Arabidopsis. O’Rourke et al. [10] 
used microarray analyses to demonstrate that Clark leaves regulate the expression of 
genes involved in defense, iron acquisition and DNA replication in response to 14 days of 
iron stress. In contrast, very little differential gene expression was observed in Isoclark. 
Atwood et al. [11] used VIGS to silence the DNA replication gene GmRPA3c in Isoclark, 
mirroring expression in Clark. Silenced plants had reduced IDC symptoms when grown 
in iron stress conditions. RNA-seq analysis revealed that silencing GmRPA3c resulted in 
increased expression of defense, iron acquisition, and homeostasis genes. Moran Lauter 
et al. [12] used RNA-seq to characterize gene expression in Clark leaves and roots after 
one and six hours of iron stress. Sugar signaling and DNA replication were key features 
of the shoot iron deficiency response while regulation of defense, hormone signaling, iron 
uptake/utilization genes were features of the root stress response. Dynamic changes in 
gene expression highlighted the importance of transcription factors and other signaling 
genes in regulating these processes.  
 To our knowledge, no iron deficiency studies have simultaneously compared 
short and long term iron stress responses, while controlling for plant age in multiple 
genotypes and tissues. Such studies are important because the length of iron deficiency 
stress can vary in field conditions and could help inform treatment and genotype options. 
The goals of this project were to 1) characterize short and long term stress responses in 
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shoots and roots simultaneously, 2) characterize the transcription factors regulating these 
responses, and 3) analyze promoter sequences to identify transcription factors that might 
influence IDC responses, though not captured in our data set. 
Collectively, our RNA-seq analyses revealed that Clark increases differential gene 
expression the longer IDC conditions persist. In contrast, differential gene expression 
decreases with longer iron stress in Isoclark. Direct comparisons between Clark and 
Isoclark revealed little overlap in genes responding to IDC, suggesting the lines have 
altered timing and/or employ different mechanisms when dealing with iron stress (Figure 
1). To further examine this, we identified 43 homologs of canonical iron genes that were 
differently expressed in response to either short or long term iron stress and compared 
their expression across all genotypes and treatments (Figure 6). In both leaves and roots, 
almost all genes were weakly induced following two days of iron stress in Clark, and 
even more strongly induced following ten days of iron stress. In Isoclark, we observed 
mixed expression at two days of iron stress, with weak induction occurring at ten days. 
This suggests that Isoclark is slow to detect and/or respond to iron stress signaling in both 
the leaves and the roots. 
Previous work has demonstrated that activation of the root iron uptake machinery 
is initiated by an unknown leaf signal [8, 9]. Therefore, we were interested in using our 
data to compare shoot and root responses in both genotypes. In leaves, Clark repressed 
genes associated with cell cycle and gene silencing (TL1), but induced genes related to 
iron homeostasis, response to oxidative stress, and photosynthesis (TL3 and TL4). Genes 
associated with defense and immunity had mixed expression patterns (TL2). In the roots, 
Clark again repressed the expression of genes related to cell cycle and gene silencing 
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(TR2) and induced expression of genes involved in iron acquisition and homeostasis 
(TR3). For both leaves and roots, this expression pattern was delayed in Isoclark and 
lacked the expression magnitude observed in Clark. 
Identification of differentially expressed genes related to cell cycle, gene silencing 
and defense/immunity, is especially intriguing when compared to other research from our 
group. O’Rourke et al. [10] found that genes associated with DNA replication (related to 
cell cycle and gene silencing) were significantly overrepresented and repressed in Clark 
leaves 14 days after iron stress.  Moran Lauter et al. [12] also found a significant 
overrepresentation of DNA replication (cell cycle and gene silencing) genes in the leaves, 
but not in roots, at one and six hours after iron stress in Clark. In our data set we see 
differential expression of these genes in response to treatment in both leaves and roots at 
both two and ten days of iron stress. In addition, seven TFs with functions related to the 
cell cycle and gene silencing were in common between root and leaf tissues. Combing 
these findings with those of O’Rourke et al. [10] and Moran Lauter et al. [12] suggests a 
signal regulating genes associated with the cell cycle and DNA replication spread from 
the shoot to the root as the duration of iron deficiency stress continues. This signal in the 
leaves begins one to six hours after the initiation of iron stress, but reaches the root 
between 6 and 48 hours later. 
In contrast, O’Rourke et al. [10] found that the genes associated with defense and 
immunity were repressed in Clark fourteen days after iron stress.  Moran Lauter et al. 
[12] found that genes associated with defense and immunity were strongly induced in 
Clark roots at one and six hours of iron stress, but not in leaves. Our study found defense-
related genes in Clark roots were weakly repressed then induced at two and ten days of 
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iron stress, respectively. The opposite pattern was observed in Clark leaves.  Taken 
together, these data suggest that a signal regulating defense gene expression travels from 
the root to the shoot as iron deficiency stress continues. The defense signal is initiated 
within one hour of iron stress in the roots, but reaches the leaves approximately 48 hours 
later. 
Our analyses of TFs and TFBS, provided several intriguing candidates for 
regulating expression of cell cycle, gene silencing and defense/immunity pathways in 
both shoots and roots.  Within our differentially expressed transcription factors, we 
identified a homolog of AtDEL1 differentially expressed in both iron deficient roots and 
shoots.  AtDEL1 has domains homologous to the DNA binding domains found in the E2F 
and DP transcription factors that regulate cell cycle progression [77],  inhibiting the 
transcriptional activity of E2F-DP primers, thus repressing DNA replication. Recently, 
AtDEL1 was also shown to negatively regulate EDS5 (Enhanced Disease Susceptibility 
5), a salicylic acid transporter required for plant immunity [70]. Atwood et al. [11] 
characterized RNA-seq data published by Peiffer et al. [74] and found that DNA 
replication genes differentially expressed at 24 hours after iron stress in Clark were 
significantly overrepresented with E2F transcription factor binding sites, which could 
presumably also be bound by AtDEL1. 
Members of the TCP TFF play multiple roles in regulating the cell cycle, 
immunity and nutrient acquisition. AtTCP20 regulates root growth during nitrogen 
foraging [76] and regulates the expression of iron deficiency induced transcription factors 
bHLH38, 29, 100 and 101 in the leaves[75]. In addition, TCP20 can regulate the 
expression of cyclin CYCB1: 1 and several ribosomal proteins, thereby regulating growth 
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and cell division [41]. Other TCPs regulate genes involved in the biosynthesis and 
signaling of salicylic acid, jasmonic acid, and ethylene [78]. Further, TCP proteins are 
positive regulators of defense and immunity [79]. In our data set, we found that TCP 
TFBS were overrepresented in all differentially expressed gene clusters from roots and 
leaves except TR2. 
The results of this study contribute to our knowledge of soybean IDC responses 
by combining gene expression, biological function and gene regulation to study short and 
long term iron stress responses in two different soybean genotypes. Our analyses 
demonstrate that increasing the length of IDC stress alters which genes respond and the 
magnitude of their expression. Further, our study demonstrates that IDC tolerant and 
susceptible lines show little similarity in their IDC responses. Perhaps most interesting, 
when combined with other research from our group, we can observe signaling between 
source and sink tissues, involving genes related to the cell cycle and defense. This 
suggests that the yield penalty often associated with tolerance to IDC due to the 
differential expression of cell cycle and defense genes. We hypothesize that Clark 
suppresses growth in the leaves soon after iron deficiency is sensed, likely to conserve 
available resources. At the same time, plant immune responses are initiated in the roots, 
protecting the plant from further damage. As iron stress increases, these signals spread 
through out the plant.  Understanding these responses are critical to developing soybean 
lines with increased IDC tolerance while simultaneously protecting yield. 
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Figure 1. Identification and clustering of genes differentially expressed in response 
to short term (2 day) and long term (10 day) iron stress in Clark and Isoclark leaves 
(A) and roots (B). Unique DEGs responding to treatment in Clark or Isoclark at two and 
ten days Fe- (Supplemental Tables 1A and 1D) were clustered using hierarchical 
clustering on the 4,144 leaf DEGs (A) or 1,541 root DEGs (B) Supplemental Tables 1A 
and 1D). Clustering information was used to order DEGs based on fold change 
differences relative to sufficient controls of each genotype. Leaf DEGs organized into 
four main clusters TL1-TL4, containing 1978, 823, 1333, and 106 DEGs, respectively. 
Root DEGs organized into four distinct clusters (TR1-TR4) comprising 199, 568, 694, 
and 80 genes respectively.  Clustering patterns were largely determined by genotype at a 
given treatment. 
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Figure 2. Clusters of DEGs responding to treatment in the leaves have distinct 
biological functions related to the cell cycle, gene silencing, defense, ion homeostasis, 
response to oxidative stress and photosynthesis.  In order to determine if clusters are 
associated with particular biological processes, we used gene ontology 
overrepresentation. A Fisher’s exact test with a Bonferroni correction was used identify 
significantly (P<0.05) overrepresented GO terms within DEGs in a cluster, relative to all 
genes in the soybean genome (Supplemental Table 2A). If significant GO terms had 
completely overlapping gene lists, the larger GO term is reported.  To make comparisons 
between clusters, the number of genes in a cluster within a particular GO term is shown, 
however the significant cluster number is indicated after the GO term description. Due to 
functional redundancy only a subset of GO terms for clusters TL1 and TL2 are depicted.  
The full GO term list is available in the supplemental data.  
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Figure 3. Clusters of DEGs responding to treatment in the roots have distinct 
biological functions related to the cell cycle, gene silencing and iron uptake and 
homeostasis.  A Fisher’s exact test [66] with a Bonferroni correction [67]was used 
identify significantly (P<0.05) overrepresented GO terms within DEGs in a treatment 
cluster, relative to all genes in the soybean genome (Supplemental Table 2A). If 
significant GO terms had completely overlapping gene lists, the larger GO term is 
reported.  To make comparisons between clusters, the number of genes in a cluster within 
a particular GO term is shown, however the significant cluster number is indicated after 
the GO term description. 
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Figure 4. Transcription factor families (TFFs) have unique expression profiles 
between treatment clusters. TFs were identified from the 4,144 DEGs responding to 
short and long term iron stress in leaves and the 1,541 DEGs in roots from Clark and 
Isoclark. While a given TF may only have been significant for a single treatment or 
genotype combination, expression is shown across all treatments and genotypes. 
Transcription factors with each treatment cluster were identified as described in the 
methods. Full details on all differentially expressed TFs can be found in Supplemental 
Table 3. TFFs in the legend refer to families in the SoyDB transcription factor database. 
Absolute fold change in gene expression is plotted on the x-axis.  
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Figure 5. Identification of genes significantly differentially expressed in response to 
genotype and treatment by genotype interactions in leaves and roots. Panels A and B 
illustrate gene expression changes due to genotypic differences between Clark and 
Isoclark in leaves (48 DEGs, Supplemental Table 1B) and roots (158 DEGs, 
Supplemental Table 1E), respectively. Panel C illustrates gene expression patterns of 
genes identified as differentially expressed as a result of treatment x genotype 
interactions.  These DEGs exhibit opposite expression patterns in response to treatment 
between Clark and Isoclark in leaves (1272 DEGs, Supplemental Table 1C). Since only 
five genes were identified with treatment by genotype interactions in roots, they are not 
depicted. Log CPM (counts per million) data across treatments was used to generate Z-
scores for clustering. The clusters labeled in the figure were used for subsequence GO 
ontology overrepresentation analyses (Supplemental Tables 2B and 2C). Given the large 
number of DEGs in panel C, it is not drawn to scale with panels A and B. 
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Figure 6. Differential expression of canonical iron responsive genes in Clark and 
Isoclark leaves and roots. BLASTP [63] was used to identify differentially expressed 
soybean homologs of canonical iron responsive genes from Arabidopsis responding to 
treatment. If a gene was significantly differentially expressed in any treatment or 
genotype, we examined its expression across all treatments and genotypes. Fold change 
relative to iron sufficient controls of the same genotype are shown. Gene expression 
above the black line is in leaves while genes below the black line illustrate differential 
expression in the roots. To the right of the figure are soybean identifiers corresponding to 
G. max 2.0. Homologous Arabidopsis identifiers are shown to the left of the figure.  Fold 
change data compares each genotype and treatment to sufficient conditions of the same 
genotype. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 67  
 
CHAPTER 3 
DISCUSSION 
Since the domestication of soybean, farmers have been selecting for higher yield 
through increasing resistance to biotic and abiotic stress [1]. This selection pressure may 
constrain how soybean responds to stress compared to a model species. In contrast, the 
model dicot Arabidopsis was selected for scientific study due to its short generation time, 
small physical size and small nuclear genome [2]. While these attributes have aided in the 
identification of candidate genes for traits of interest, the effect of these genes on yield is 
rarely addressed. Therefore, transfer of knowledge from model to crop is often difficult, 
making studies within crops vitally important. The advent of next-generation sequencing 
technologies have made such studies possible. 
One of the reasons for targeting IDC for RNA-seq studies is that IDC tolerant 
lines tend to yield less than iron susceptible lines in non-IDC conditions, therefore 
farmers still choose to plant soybean lines that are IDC susceptible [3]. Understanding the 
mechanisms underlying the iron stress response in soybean may help us understand the 
complex interaction between yield and stress tolerance, eventually leading to soybean 
improvement. 
In the field, environmental factors can affect the duration of iron stress. 
Waterlogged soils contain a build up of carbon dioxide and sodium bicarbonate, which 
makes it difficult for the roots to reduce and uptake iron [4]. Even though physical 
symptoms of IDC disappear, there is still a long term impact on yield. Therefore it is 
important to characterize plant responses to short and long term IDC stress. This thesis is 
focused on directly comparing short (two days Fe-) and long term (ten days Fe-) stress 
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responses in shoots and roots of an IDC tolerant (Clark) and IDC susceptible (Isoclark) 
line. 
We found that duration of iron stress essentially determines the genetic 
mechanisms utilized for stress response in each genotype. RNA-seq analyses revealed 
that in Clark more genes are differentially expressed the longer IDC conditions persist. In 
contrast, fewer genes are differentially expressed with longer iron stress in Isoclark. 
Further, direct comparisons between Clark and Isoclark revealed little overlap in genes 
responding to IDC, suggesting the lines have altered timing and/or employ different 
mechanisms when dealing with iron stress.  
Previous studies have determined that initiation of the iron uptake machinery in 
the roots is caused by an unknown signal from the leaves [5, 6]. Therefore, we were 
interested in using our data, in combination with previous studies from our lab to 
compare shoot and root responses in both genotypes. O’Rourke et al. [7] found that the 
Clark genotype strongly represses cell cycle, gene silencing, and defense genes in the 
leaves after long term (14 days) iron stress. Isoclark, however, had little response to iron 
stress. This study did not examine gene expression changes in the roots. Moran Lauter et 
al. [8] found overrepresentation of DNA replication (cell cycle and gene silencing) genes 
in the leaves, but not in the roots after one and six hours of iron stress. In addition, Moran 
Lauter et al. [8] observed overrepresentation of genes associated with defense/immunity 
in the roots. However, the study by Moran Lauter et al. [8] was limited to the iron 
efficient genotype Clark. Since these studies were focused on single tissues or genotypes 
and varied in the length of iron stress, it is difficult to make stress response comparisons. 
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In my study, I compared multiple time points, genotypes and tissues, while 
controlling for the age of the plant. With this experimental design, I could identify genes 
responding to treatment, genotype and treatment by genotype interactions. In addition, I 
could cluster genes by expression pattern to demonstrate that differentially expressed 
gene clusters often had distinct biological roles. Further, I could mine the expression data 
to find transcription factors and transcription factor binding sites that regulate responses 
to IDC. My analyses revealed that as iron stress continues, Clark has similar responses in 
both the leaves and the roots. Clark represses genes associated with the cell cycle and 
gene silencing in the leaves and roots, while increasing the expression of genes involved 
in defense and iron acquisition. By comparing these results with those of O’Rourke et al. 
[7] at 14 days of iron stress and Moran Lauter et al. [8] at one and six hours of iron stress, 
we can begin to examine signaling between the shoots and roots across time during iron 
stress. Our data suggests that in the iron efficient line Clark, a signal regulating genes 
associated with the DNA replication (cell cycle and gene silencing) spreads from the 
shoot to the root as the duration of iron deficiency stress continues. In contrast, a signal 
regulating defense/immunity gene expression travels from the root to the shoot as iron 
deficiency stress continues. However, for both leaves and roots, this expression pattern 
was delayed and weaker in Isoclark compared to Clark. We identified intriguing 
transcription factors differentially expressed in both the leaves and roots that may 
regulate the expression of genes associated with cell cycle, gene silencing and 
defense/immunity pathways. 
This included homologs of AtDEL1 and members of the TCP transcription factor 
family. AtDEL1 binds to E2F and DP transcription factor binding sites in the promoters 
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of DNA replication/cell cycle genes to prevent binding by E2F and DP[9]. In addition, 
AtDEL1 was also shown to negatively regulate plant immunity by directly targeting the 
promoter of salicylic acid transporter EDS5 (Enhanced Disease Susceptibility 5) which is 
required for immunity [10]. The TCP transcription factor family regulates multiple 
processes including the cell cycle, immunity and nutrient acquisition. AtTCP20 
transcription factor binding sites were significantly overrepresented in the promoters of 
all our clusters of DEGs responding to iron stress, except TR2. AtTCP20 regulates root 
growth for the uptake of nitrogen [11] and regulates the expression bHLH38, bHLH39, 
bHLH100 and bHLH101 in the leaves under iron stress [12]. In addition TCP20 regulates 
growth and cell division by regulating the expression of cyclin and several ribosomal 
proteins [13]. Other TCP members regulate defense responses through the biosynthesis 
and signaling of salicylic acid, jasmonic acid and ethylene [14]. These findings warrant 
future studies on the activities of these transcription factors during iron stress responses 
in soybean. 
The results of this study contribute to our knowledge of soybean IDC responses 
through the characterization of short term and long term stress responses in leaves and 
roots, and the identification of interesting transcription factors that may be regulating the 
observed responses. In addition, these studies provide insight into why the iron efficient 
genotype Clark yields less in non-IDC conditions. Moran Lauter et al. [8] demonstrated 
that genes involved in the cell cycle and gene silencing is repressed as early as one hour 
after iron stress. This suggests that even a short moment of iron stress could slow growth 
and reduce yield. Identifying the genes that regulate process could help in the 
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development of IDC tolerant soybean lines that maintain high yield in multiple 
environments. 
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